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Summary
Planar cell polarity (PCP) is a common feature of
many vertebrate and invertebrate epithelia and is per-
pendicular to their apical/basal (A/B) polarity axis.
While apical localization of PCP determinants such
as Frizzled (Fz1) is critical for their function, the link
between A/B polarity and PCP is poorly understood.
Here, we describe a direct molecular link between
A/B determinants and Fz1-mediated PCP establish-
ment in the Drosophila eye. We demonstrate that
dPatj binds the cytoplasmic tail of Fz1 and propose
that it recruits aPKC, which in turn phosphorylates
and inhibits Fz1. Accordingly, components of the
aPKC complex and dPatj produce PCP defects in the
eye. We also show that during PCP signaling, aPKC
and dPatj are downregulated, while Bazooka is upreg-
ulated, suggesting an antagonistic effect of Bazooka
on dPatj/aPKC. We propose a model whereby the
dPatj/aPKC complex regulates PCP by inhibiting Fz1
in cells where it should not be active.
Introduction
Cellular polarity is a common feature in a broad variety
of cell types in all metazoa. For instance, epithelial cells
are polarized along their apical/basal (A/B) axis, with
the apical side of the lateral membrane showing struc-
tural characteristics, such as close cell-cell contacts or
adherens junctions (AJ), making it distinct from the
basal side. A key feature in the establishment and
maintenance of cell polarity is the segregation of dif-
ferent protein determinants to different regions of a cell
(Macara, 2004).
Epithelial cells in Drosophila express several polariz-
ing protein complexes conserved in vertebrates. These
are in an apical to basal order (also Figure 1B): (1) The
Crumbs (Crb), Stardust (Sdt), PALS-1 Associated Tight
Junction Protein (dPatj) complex which is localized to
the apical marginal membrane region. Crb is a trans-
membrane protein (Tepass et al., 1990) that binds
through its intracellular domain the membrane-associ-
ated Guanylate kinase protein Sdt (Bachmann et al.,
2001; Hong et al., 2001). Sdt in turn, binds the 4 PDZ
domain protein dPatj (Bhat et al., 1999; Roh et al.,
2002). While mutations in Crb or Sdt result in a failure
to maintain A/B polarity in the embryo, mutations in*Correspondence: marek.mlodzik@mssm.edu
2 Present address: Department of Anatomy, University of Cam-
bridge, Downing Street, Cambridge CB2 3DY, United Kingdom.dPatj have no reported phenotype, arguing for a dis-
pensable role of dPatj in this complex (Pielage et al.,
2003). (2) Next is the Bazooka (Baz, a.k.a. Par-3), Par-6,
atypical PKC (aPKC, a.k.a. PKCζ) complex also local-
ized in the apical marginal region (Hutterer et al., 2004;
Petronczki and Knoblich, 2001; Wodarz, 2002). Baz and
Par-6 contain PDZ domains and bind aPKC in verte-
brates and Drosophila (Joberty et al., 2000; Lin et al.,
2000; Wodarz et al., 2000). This complex is critical for
epithelial A/B polarity and also for polarity of other cell
types such as neuroblasts and oocytes in Drosophila
and the C. elegans embryo (Wodarz, 2002). (3) Located
basally to the AJ is the Scribble (Scrib), Discs large
(Dlg), Lethal(2)giant larvae (Lgl) complex, responsible
for baso-lateral identity (Bilder et al. 2000). Mutations
in these components result in epithelial disorganization,
overgrowth, and an expansion of apical determinants
(Bilder et al., 2003; Tanentzapf and Tepass, 2003). Al-
though the expression domains of the different com-
plexes are largely resolved, molecular interactions be-
tween proteins of distinct complexes exist. For instance,
dPatj can bind Par-6 in vitro (Nam and Choi, 2003), and
a Par-6/aPKC complex can bind, phosphorylate, and
inactivate Lgl in Drosophila neuroblast (Betschinger et
al., 2003).
In addition to A/B polarity, many epithelia in verte-
brates and invertebrates have a second axis of polar-
ization, generally referred to as planar cell polarity
(PCP), perpendicular to the A/B axis (Adler, 2002; Keller,
2002; Mlodzik, 2002; Strutt, 2003). In Drosophila, most
external adult epithelial structures show PCP features.
This is prominent in the distal orientation of wing hairs,
the posterior orientation of bristles on the body wall,
and the regular arrangement of ommatidia in the eye
(Adler, 2002; Mlodzik, 2002; Strutt, 2003). Several con-
served genes affecting PCP in most structures have
been identified. These core PCP factors include the
serpentine receptor Frizzled (Fz1), the cytoplasmic
scaffold protein Dishevelled (Dsh), the 4-pass trans-
membrane protein Strabismus (Stbm; a.k.a. Van Gogh/
Vang), the cytoplasmic protein Prickle (Pk), the cad-
herin Flamingo (Fmi; a.k.a. starry night/stan), and the
Ankyrin repeat protein Diego (Dgo; Adler, 2002; Mlod-
zik, 2002; Strutt, 2003).
In the fly eye, PCP is established in the third instar
eye imaginal disc posterior to the morphogenetic fur-
row (MF; Figure 1A). Within developing ommatidial pre-
clusters, the R3/R4 photoreceptor precursors are criti-
cal for PCP generation. The precursor closer to the
midline (equator) of the eye field is thought to have
higher Fz1 activity and will become R3; the neighboring
polar cell gets induced as R4. Subsequently, the clus-
ters rotate 90° (clockwise or counterclockwise) toward
the midline. The R3/R4 cell fate decision is later trans-
lated into distinct chiral ommatidial forms in the dorsal
and ventral halves of the adult eye (Mlodzik, 1999; Wolff
and Ready, 1993).
Similarly to A/B polarity establishment, PCP protein
complexes become asymmetrically localized during
PCP generation. They are initially evenly distributed
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622Figure 1. aPKC Phosphorylates Fz1
(A) Left panel: PCP generation in the Dro-
sophila eye during the third instar larval
stage. In each cluster, the equatorial cell
(green) displays higher Fz1 activity and be-
comes committed to the R3 fate. The neigh-
boring polar cell (blue) adopts the R4 fate.
Once cell fate is established, clusters rotate
90°, giving rise to the mirror image arrange-
ment. Middle and right panels: cartoon pre-
sentation of a dorsal and ventral adult
ommatidium and a section through the
equatorial region (equator shown as yellow
line) with a schematic presentation of dorsal
(black) and ventral (red arrows) chiral omma-
tidial forms in the adult eye.
(B) Cross-section schematic diagram of a
Drosophila epithelial cell. The distinct pro-
tein complexes required to establish A/B po-
larity are highlighted in color with the re-
spective protein components listed. Right
side: the Fz1 receptor (green) localizes api-
cal and overlaps partially with aPKC (red).
(C) Alignment of Drosophila Fz1 and Fz2 C
termini (green marks end of seventh trans-
membrane segment). The KTxxxW motif crit-
ical for Dsh membrane recruitment is in bold.
The last three aa, representing a canonical
PDZ domain binding site in Fz2, but not in
Fz1, are shown in blue. Two conserved ser-
ines, part of two putative PKC phosphoryla-
tion motifs S/T-X-K/R (Betschinger et al.
2003; Sotillos et al. 2004), are shown by red
boxes.
(D) In vitro kinase assay with purified human
aPKC (PKCζ). Wild-type Fz1 Cterm, but not
the Fz1 Cterm with the serines mutated to
alanine, is phosphorylated by aPKC (black
arrow). Top is Coomassie staining of SDS-
PAGE gel showing equivalent protein
amounts. Autoradiograph (bottom) of same
gel showing phosphorylation of Fz1 Cterm
by aPKC (black arrow) and autophosphory-
lated aPKC (star).around the apical cortex of all eye disc cells and subse-
quently become enriched specifically in the critical R3/
R4 pair posterior to the MF. As a result of interactions
between PCP determinants, an asymmetry along the
R3/R4 cell border is established, with Fz1, Dsh, and
Dgo being found on the R3 side and Stbm and Pk only
on the R4 side, reminiscent to similar events occurring
during PCP generation in pupal wing cells (Axelrod,
2001; Bastock et al., 2003; Das et al., 2004; Jenny et
al., 2003; Strutt et al., 2002; Tree et al., 2002).
All core PCP proteins are located apically (see refer-
ences above), suggesting that their function requires
A/B polarity. The partial overlap between PCP proteins
and several A/B determinants in the apical marginal re-
gion of epithelial cells also suggests potential molecu-
lar interactions. Here, we demonstrate a direct molecu-
lar link between A/B determinants and Fz1-mediated
PCP establishment in the Drosophila eye. We show that
dPatj binds Fz1 and propose that it recruits aPKC,
which in turn phosphorylates Fz1 to inhibit its function.
We show that components of the aPKC complex and
dPatj are required for PCP establishment. Consistent
with an inhibitory effect on Fz1, dPatj, and to a lesser
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inally, we propose that the upregulation of Bazooka in
he R3/R4 cells prevents inhibition of Fz1 by the aPKC/
Patj complex. Our data support a model in which an
PKC/dPatj complex inhibits Fz1-PCP activity in cells
here it is not needed, allowing the use of shared com-
onents for other signaling events, such as Dsh for
nt/β-catenin signaling.
esults
PKC Phosphorylates the Cytoplasmic
ail of Frizzled 1
revious results have highlighted the role of the C tail
f Fz receptors in regulating their localization and sig-
aling activity (Boutros et al., 2000; Wu et al., 2004).
short Fz Cterm governs apical localization, which is
ritical for effective Fz-PCP signaling. In contrast, a
ong Cterm (like that of Fz2) governs baso-lateral local-
zation, promoting β-catenin signaling and preventing
CP activity. Thus, a striking feature of all core PCP
roteins, including Fz1, is their apical localization within
Apical Determinants Regulate Frizzled Signaling
623imaginal disc cells. Fz1 colocalizes partially with sev-
eral components that regulate A/B polarity such as
the Crumbs/Sdt/dPatj and Baz/aPKC/Par-6 complexes
within the marginal domain, even though it is also pre-
sent more basally relative to these complexes (Figure
1B and data not shown).
Detailed sequence analysis of the Fz1 Cterm re-
vealed the presence of two clustered conserved PKC
phosphorylation sites (Ser554 and Ser560 in Fz1; Figure
1C; Betschinger et al. 2003; Sotillos et al. 2004). Given
that aPKC expression in the apical domain overlaps
with Fz1, we tested if aPKC can phosphorylate the Fz1
Cterm on the two conserved PKC sites in an in vitro
kinase assay. Purified human aPKC protein (see the
Experimental Procedures) phosphorylates in vitro a
GST::Fz1 Cterm fusion protein, but not GST alone (Fig-
ure 1D). Furthermore, mutations of the two PKC con-
sensus sites (Ser to Ala; Fz1 CtermSS>AA in Figure 1D)
prevented aPKC-mediated Fz1 phosphorylation, con-
firming that these sites are targets of aPKC.
To investigate the importance of these phosphoryla-
tion sites in vivo, we generated flies carrying UAS-
inducible transgenes of Fz1 mutant derivatives with
either both serines mutated to alanine (Fz1-AA), inacti-
vating the two prospective PKC sites, or both Serines
mutated to Glutamic acid (Fz1-EE), mimicking phos-
phorylation. We analyzed these transgenes under sev-
enless (sev)-Gal4 control, which is expressed specific-
ally in R3/R4 precursor cells just posterior to the MF
during PCP establishment. Overexpression of wild-type
Fz1 provides too much activity and interferes with the
balance of Fz1 regulation within the R3/R4 pair (Strutt
et al., 1997), resulting in ommatidia with random R3/R4
cell fate decision and chirality, as well as symmetrical
R3/R3 type ommatidia (Figure 2A). Similarly, overex-
pression of Fz1-AA (with both aPKC sites inactivated;
sev>Fz1-AA) induced ommatidia with random chirality
and symmetrical clusters (Figure 2C). In contrast, the
phosphomimetic Fz1-EE (sev>Fz1-EE) showed hardly
any effect (Figure 2B). These data suggest that aPKC-
mediated Fz1 phosphorylation inhibits Fz-PCP signal-
ing activity.
aPKC Phosphorylation Does Not Affect Fz
Localization or Dsh Recruitment
Since apical Fz1 localization is critical for its proper
PCP signaling activity (Wu et al., 2004), we hypothe-
sized that the Fz1-EE mutation could affect the local-
ization of the receptor. To investigate this possibility, we
analyzed the expression of the different myc tagged
Fz1 transgenes in imaginal discs (under en-Gal4 or
dpp-Gal4 control). We found no difference between the
expression of either Fz1-AA or Fz1-EE with that of wild-
type Fz1. These mutant Fz1 isoforms were expressed
at similar levels and colocalized apically with aPKC
(data not shown and Figures 2D–2F), indicating that
phosphorylation of Fz1 by aPKC does not affect Fz1’s
localization.
A second feature critical to Fz1 signaling activity is
its ability to recruit Dsh to the membrane. Interestingly,
the aPKC sites partly overlap with the region of the Fz
Cterm known to bind Dsh (Umbhauer et al., 2000; Wong
et al., 2003), raising the possibility that phosphorylationby aPKC could interfere with Dsh recruitment. We thus
tested whether Dsh recruitment was affected by phos-
phorylation of the Fz1 aPKC sites. We first transfected
S2 cells, which have no endogenous Fz, with Dsh-GFP
and the different Fz1 mutants. In this assay, wild-type
and both mutant forms of Fz1 recruited Dsh-GFP effi-
ciently to the membrane (Figure 2G). Then, we analyzed
whether overexpression of Fz1-AA and Fz1-EE can re-
cruit Dsh-GFP to apical membranes like wild-type Fz1
in vivo (expressed with en-Gal4 in the posterior com-
partment of wing discs, where there is a sharp bound-
ary between expressing and nonexpressing cells, in
analogy to assays described by Wu et al. [2004]). Both
Fz1-AA and Fz1-EE behaved like wild-type Fz1, se-
questering Dsh to the apical cell membrane in imaginal
disc cells (Figures 2D–2F), confirming the results from
S2 cells.
In summary, we show that Fz1 can be phosphory-
lated in vitro by aPKC. Together with the in vitro results,
the in vivo analysis of a phosphomimetic Fz1 mutant
suggests that aPKC phosphorylation regulates Fz1 ac-
tivity negatively and that this effect is not mediated by
affecting Fz1 localization or Fz1-mediated Dsh mem-
brane recruitment.
dPatj Binds to the Frizzled 1 Cytoplasmic Tail
In light of the importance of the aPKC sites in Fz1, we
wished to determine how aPKC is recruited to the re-
ceptor. This could be mediated by direct binding or
through a bridging factor, the most likely candidates
being the A/B determinants that bind aPKC (see the
Introduction). We thus conducted a two-hybrid interac-
tion screen using the Fz1 Cterm as bait and compo-
nents of different A/B protein complexes as prey. We
included the closely related Fz2 Cterm as well as the
Stbm Cterm as control baits. We tested all components
of the aPKC/Par-6/Bazooka apical complex. For Baz,
we used three different fragments: an N-terminal frag-
ment involved in Baz dimerization (BazA; Benton and
St. Johnston, 2003), a central fragment with three PDZ
domains involved in Par-6 binding (BazB), and a C-ter-
minal fragment that binds aPKC (BazC; Joberty et al.,
2000; Lin et al., 2000; Wodarz et al., 2000). Similarly,
we tested all components of the Crb/Sdt/dPatj apical
complex except Crb (since Crb is a transmembrane
protein) and analyzed the components of the more
baso-lateral Scrib/Dlg/Lgl complex. We detected no di-
rect interaction between the Fz1 Cterm and aPKC, but,
interestingly, we found dPatj as a specific binding part-
ner of the Fz1 Cterm (Figure 3A). No other protein was
found to interact with the Fz1 Cterm, and in turn dPatj
did not interact with the Fz2 or Stbm Cterms (Figure 3A
and data not shown). We also confirmed the interaction
between the Stbm Cterm and Dlg (Figure 3A; Bellaiche
et al., 2004) and the interaction of aPKC with Par-6 and
BazC (Figure 3A and data not shown; Joberty et al.,
2000; Lin et al., 2000).
To confirm the dPatj-Fz1 interaction in vivo, we per-
formed coimmunoprecipitation (CoIP) experiments from
Drosophila S2 cell extracts transfected with GFP fusion
proteins with the Fz1 or Fz2 Cterms (GFP::Fz1 and
GFP::Fz2, respectively). We could CoIP endogenous
dPatj from cells transfected with GFP::Fz1 but impor-
Cell
624Figure 2. aPKC Phosphorylation Inhibits Fz1 Activity
(A–C) Adult eye sections of sev-Gal4>UAS-Fz1 (A), sev-Gal4>UAS-Fz1-EE (B), and sev-Gal4>UAS-Fz1-AA (C). The phosphomimetic Fz1
mutant, Fz1-EE, exhibits a very reduced activity in this GOF assay as compared to wild-type (wt) Fz1 or Fz1-AA in which the aPKC sites have
been inactivated. Green arrows represent symmetrical clusters.
(D–F) All three receptor isoforms (wt Fz1: [D]; Fz1-EE: [E]; Fz1-AA: [F]) localize apically and recruit Dsh-GFP, when expressed in the posterior
(P) compartment of wing imaginal discs under en-Gal4 control.
(D–F) Apical confocal section with Dsh-GFP (green), and myc-tagged Fz1 isoforms (red).
(D#–F#) Dsh-GFP channel only of same section, showing apical Dsh recruitment in P compartment. A corresponding depletion of Dsh-GFP
was observed in the P compartment in more basal sections (data not shown).
(G) In Drosophila S2 cells, Dsh-GFP alone shows a punctate cytoplasmic pattern. Mutant isoforms Fz1-AA and Fz1-EE recruit Dsh to the
membrane like wt Fz1.tantly not with GFP::Fz2 or GFP alone (Figure 3B), dem-
onstrating that Fz1 and dPatj interact in Drosophila
cells. We also found a weak interaction between Fz1
and endogenous Baz and aPKC, suggesting the exis-
tence of one or several multiprotein complexes among
Fz1, dPatj, Baz, and aPKC (Figure 3B). In contrast,
other components of A/B protein complexes, such as
Par-6 or Dlg, did not CoIP with either GFP::Fz1 or
GFP::Fz2 (Figure 3B).
To map the dPatj interaction domain with the Fz1
Cterm, we used GST pull-down experiments. dPatj is
a modular protein containing a N-terminal L27 domain
(previously referred to as MRE), mediating its interac-
tion with Sdt, and four PDZ domains (Li et al., 2004;
Roh et al., 2002). Consistent with the yeast two-hybrid
and CoIP results, in vitro translated full-length dPatj
bound the GST-Fz1 Cterm protein, but not GST-Fz2
Cterm or GST alone (Figure 3C). The fourth PDZ domain
of dPatj was sufficient for direct binding to the Fz1
Cterm (Figure 3C).
Using the CoIP approach described above, we also
mapped the residues in the Fz1 Cterm required for
dPatj interaction. Whereas the full-length Fz1 Cterm in-
teracted with dPatj, removing the last three residues
(Fz1BS) abolished this interaction. The removal of an
internal Cterm motif, encompassing the Tryptophan
critical for Dsh binding (Fz1SWRNF, also referred to
as Fz1W; Umbhauer et al., 2000; Wong et al., 2003),
retained Fz1 ability to bind dPatj albeit to a lesser ex-
tent (Figure 3D).
These results support a direct interaction between
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nd aPKC, since dPatj was shown in vitro to bind to
PKC either directly (Sotillos et al., 2004) or indirectly
hrough Par-6 (Nam and Choi, 2003). The Fz1/dPatj in-
eraction is mediated by the fourth PDZ domain of
Patj, requires the last three residues of Fz1, and is
argely independent of the Fz motif that mediates Dsh
inding.
PKC and dPatj Are Required for Fz1-Dependent
CP Establishment
o investigate a possible role for aPKC in regulating
CP, we generated aPKC mutant clones using the
yFLP technique. No clones were recovered in adult
ye tissue, making it impossible to score for PCP de-
ects (data not shown). In the eye imaginal disc, we re-
overed only few very small clones anterior and poste-
ior to the furrow (data not shown), probably reflecting
he aPKC requirement for A/B polarity and cell division
Rolls et al., 2003).
As aPKC mutant clones are cell lethal, we analyzed
he effect of aPKC on PCP by overexpressing aPKC
nder sev-Gal4 control. Full-length aPKC caused no
CP defects (Figure 4A), but constitutively active aPKC
aPKCN) driven by sep-Gal4 (a weaker version of sev-
al4, which caused massive cell lethality) resulted in
CP defects and photoreceptor loss (Figures 4B and
E). These results suggest that aPKC is subject to regu-
ation, since excessive amounts of wild-type protein do
ot produce a gain-of-function (GOF) phenotype, while
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625Figure 3. dPatj Binds the Fz1 Cytoplasmic C Terminus
(A) Systematic two-hybrid analysis using the Fz1, Fz2, or Stbm C termini as bait and different A/B determinants as prey. Interactions are
monitored by growth on selective media (red in false color). aPKC does not interact with Fz1 Cterm. dPatj specifically interacts with the Fz1
Cterm but not with Fz2 or Stbm. Interactions between aPKC and Par-6 or BazC serve as positive controls.
(B) CoIP experiments in Drosophila S2 cells, transfected with GFP fusion constructs: GFP::Fz1 Cterm and GFP::Fz2 Cterm. GFP::Fz1 Cterm
is found in a complex with endogenous dPatj, Bazooka (Baz), and aPKC. This complex is specific and does not include other A/B determinants
such as Par-6 or Dlg.
(C) GST pull-down experiments using radiolabeled in vitro translated dPatj. dPatj is pulled down by Fz1 but not by Fz2. The fourth PDZ
domain (PDZ4) within the C-terminal part of dPatj (blue) is sufficient to bind to Fz1. Other parts of dPatj do not interact with Fz1.
(D) The last three aa of Fz1 mediate its interaction with dPatj. dPatj CoIPs with the Fz1 Cterm or, albeit at reduced levels, with a Fz1 Cterm
carrying an internal deletion over the Tryptophan required for Dsh binding (Fz1 Cterm SWRNF or Fz1 Cterm W). In contrast, dPatj does
not CoIP with the Fz1 Cterm lacking the last three aa (Fz1 Cterm BS).a deregulated active form of aPKC induces PCP de-
fects. This is consistent with aPKC activity described
in other contexts (Betschinger et al., 2003).
To overcome the technical difficulties of aPKC mu-
tants resulting from its early function in A/B polarity,
we analyzed the genetic contribution of dPatj for PCP
establishment. As our results indicate that dPatj links
aPKC to Fz1, removing dPatj should hinder aPKC from
regulating Fz1, but aPKC should still be able to perform
its function in A/B polarity. There is no dPatj mutant
currently available, so we used a small deficiency un-
covering dPatj, Df(3L)My10 (Bhat et al., 1999), in combi-
nation with rescue constructs for all other genes dis-
rupted by this deficiency (Pielage et al., 2003). This
combination encodes for a truncated version of dPatj
lacking the Fz1-interacting PDZ domain 4 but contain-
ing the N-terminal part of dPatj with the L27 Sdt binding
domain and the first PDZ domain (see Figure 3C for
dPatj cartoon). Although externally these flies have alargely normal appearance (Pielage et al., 2003), analy-
sis of their eyes revealed PCP defects with many sym-
metrical R3/R3 type ommatidia (Figures 4E and 6E), im-
plicating dPatj in the regulation of PCP establishment
in the Drosophila eye.
We also overexpressed wild-type dPatj in the eye
(sev>dPatj) and, similarly to full-length aPKC, this
caused no PCP defects (see above). However, expres-
sion of a Fz1 transgene that lacks the dPatj binding site
(Fz1BS) induced a significantly stronger GOF effect
than wild-type Fz1 (Figures 4C and 4D). In particular,
the number of symmetrical R3/R3 type ommatidia, re-
flecting an elevation in Fz1 activity (Strutt et al., 1997),
was markedly increased (rising from 9% in sev>Fz1 to
51% in sev>Fz1DBS; Figures 4C and 4D). Finally, we
observed an enhancement of the sev>Fz1 GOF pheno-
type by the removal of one copy of Df(3L)My10 uncov-
ering the dPatj locus (Figures 4F–4H).
These results show that the aPKC/dPatj complex is
Cell
626Figure 4. aPKC and dPatj Inhibit Fz-PCP Ac-
tivity
(A and B) Dorsal adult eye sections of sev-
Gal4>UAS-aPKC (A) and sep-Gal4>UAS-
aPKCDN (B). Overexpressed wt aPKC has
no effect, while constitutively active aPKC
(aPKCN) results in misrotated and symmet-
rical ommatidia (green arrows) as well as
photoreceptor loss (blue circles). Sep-Gal4
drives expression in the same cells as sev-
Gal4 but to weaker levels (sev-Gal4>UAS-
aPKCDN induced cell loss).
(C and D) Adult eye sections of sev-
Gal4>UAS-Fz1 (C) and sev-Gal4>UAS-
Fz1DBS (D) raised at 25°C. Fz1BS, lacking
the last three aa required to interact with
dPatj (see Figure 3D), has an increased ac-
tivity (compare [C] and [D]). Percentage of
symmetrical clusters (green arrows) is in-
creased from 9% (wt Fz1) to 51% in
Fz1BS eyes.
(E) Adult eye section from Df(3L)My10 flies in
which all genes uncovered by the deficiency,
except dPatj, are reinserted as rescue con-
structs (namely α-Spectrin, Codanin/dlt, and
cdc37). Such flies are mutant only for dPatj
and show typical PCP defects, with misro-
tated ommatidia and R3/R3 symmetrical
clusters (green arrows). Blue circle repre-
sents photoreceptor loss.
(F–H) Dorsal adult eye sections of sev-Fz1
flies raised at 18°C: (F) sev-Fz1 in wt (Ore-R)
background, showing 31% ± 4% of omma-
tidia with an incorrect chirality. This pheno-
type is enhanced (40% ± 2%) by removing
one copy of dPatj (using Df(3L)My10) (G) and
suppressed (22% ± 3%) by removing one
baz copy (baz815-8)(H). aPKC mutants are not
dosage sensitive, showing no interaction
with sev-Fz1.required for PCP establishment and are consistent with
our previous observation on a negative role of aPKC
phosphorylation on Fz1 activity.
dPatj and aPKC Expression Is Downregulated
at the R3/R4 Cell Border
A prediction from our results that dPatj negatively regu-
lates Fz1 activity by recruiting aPKC to Fz1 is that dPatj
and aPKC should be either downregulated or absent in
cells where Fz-PCP signaling is active. To investigate
this, we performed immunostainings with dPatj- and
aPKC-specific antibodies in third instar larval eye discs
during PCP establishment. dPatj is expressed at the
most apical lateral membrane of third instar eye imagi-
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aal disc cells anterior to the MF (data not shown). Pos-
erior to the furrow, as photoreceptor preclusters
merge and begin to differentiate, dPatj is still detected
pically in all intercluster cells but shows a complex
attern within the preclusters (Figures 5A and 5A#). In
eveloping preclusters, dPatj is enriched in R2/R5 pre-
ursors and dramatically downregulated in R3/R4 pre-
ursors between rows 1 and 7 (Figures 5A and 5B). This
eduction in expression is complementary to an in-
rease in apical Fz1 localization (monitored by Fz-GFP
taining), which shows the typical double horseshoe
attern specific for PCP factors in early R3/R4 pairs
Figure 5B). Posterior to row 7, dPatj is found in R3/R4
s well but remains enriched in R2 and R5. Similarly,
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627Figure 5. dPatj and aPKC Expression Is Downregulated in the R3/
R4 Pair
(A and B) dPatj expression in third instar larval eye imaginal disc.
Anterior is left. Phalloidin staining Actin (blue) highlights the MF
(vertical arrowhead). Fz-GFP (green and [B$]) is upregulated in R3/
R4, highlighting these cells in the newly formed preclusters. dPatj
(red and [A#] and [B#]) is expressed in the cells anterior to MF. Pos-
terior to MF, dPatj is expressed in all interommatidial cells. Within
the preclusters, dPatj is enriched in R2/R5 and absent in R3/R4
between rows 1 and 7. After row 7, dPatj is expressed also in
R3/R4.
(B) Higher magnification of two clusters around rows 5/6 taken from
the yellow box in (A#). White arrowhead indicates a row 5 pre-
cluster.
(B%) shows a cartoon of the relative expression of Fz-GFP and
dPatj.
(C) Expression of aPKC in eye imaginal discs. White arrowhead
indicates one photoreceptor cluster. aPKC (red and [C#]) is ex-
pressed apically in all cells but is enriched in R2/R5 and reduced
in R3/R4. Flamingo (Fmi, green and [C$]) is enriched in R3/R4.although not as dramatic as for dPatj, aPKC expression
is weaker apically in R3/R4 cells as compared to the
neighboring R2 and R5 (Figure 5C).
The downregulation of aPKC and dPatj from the R3/
R4 cell border during PCP establishment raised the
possibility that the PCP determinants could control ex-
pression or localization of aPKC/dPatj. Clonal analyses
of PCP genes revealed, however, that the dPatj and
aPKC characteristic expression patterns in the preclus-
ters are unaffected in fmi, dgo, pk, stbm, and fz mutant
clones (data not shown). The aPKC and dPatj expres-
sion patterns are therefore independent of PCP signal-
ing, consistent with an upstream early role of these
A/B polarity determinants.Bazooka Acts in PCP Establishment
by Protecting Fz Signaling
In the CoIP experiments in S2 cells (Figure 3B), we also
recovered Baz together with Fz1, dPatj, and aPKC (al-
though at lower levels than dPatj), raising the possibility
that Baz might be in a complex with aPKC and dPatj to
regulate Fz1 signaling. In order to investigate this, we
looked at endogenous Baz expression in third instar
eye discs. Although expressed apically in all cells ante-
rior and posterior to the MF, Baz becomes enriched in
R3/R4 cells during PCP establishment, showing a com-
plementary pattern to dPatj and aPKC (compare Fig-
ures 5B# and 6B#). Subsequently, Baz is enriched in the
polar R4 cell (Figures 6A and 6B), similar to core PCP
determinants such as Fz1, Dsh, and Fmi (see schemat-
ics in Figures 6B–6B$). Next, we examined Baz expres-
sion and localization in PCP mutants to determine
whether this pattern is under the control of PCP signal-
ing. Interestingly, the only significant difference was
found in fz mutant clones, where the Baz pattern was
less resolved. In particular, the late accumulation in
only one of the two cells of the R3/R4 pair, reflecting
the R4 cell fate, was missing (Figures 6A and 6A#).
Thus, Baz seems to have two expression phases in the
PCP context; an initial accumulation in both R3 and R4
that is likely independent of PCP establishment, and
a later enrichment in R4 which is downstream of Fz1
signaling (see the Discussion).
The reciprocal expression pattern of aPKC/dPatj and
Baz and the evidence that Par-3, the vertebrate Baz
homolog, can act as an inhibitor of aPKC kinase activity
(Lin et al., 2000) suggested that Baz could play an an-
tagonizing role to the negative regulation of Fz1 by
aPKC in cells where Fz1 should be active. We therefore
tested for a baz requirement in eye PCP establishment
by performing loss-of-function (LOF) and GOF experi-
ments. Although baz mutant clones are very disorga-
nized in adult eye sections, probably due to a general
Baz requirement for photoreceptor differentiation (data
not shown; Hong et al., 2003), they can be analyzed for
PCP defects in eye imaginal discs where the integrity
of cells is maintained and we could obtain large clones
(Figure 6C). Interestingly, baz mutant clones have om-
matidial clusters with inverted chirality and some that
show symmetrical features, as shown with the R4 spe-
cific md-lacZ marker (Cooper and Bray, 1999) that high-
lights ommatidial chirality in the eye disc (Figures 6C
and 6E). Furthermore, we found that removal of one
copy of baz suppressed the PCP GOF phenotype of
sev-Fz1, but not sev-Dsh or sev-Fmi, suggesting that
Baz acts specifically on Fz1 as a positive regulator (Fig-
ure 4H and data not shown). Finally, sev-Gal4-driven
overexpression of Baz (sev>Baz) induces eye PCP de-
fects, with misrotated and symmetric clusters where
the R3 and R4 fates have not been resolved (Figures
6D and 6E). This effect of Baz is unlikely to be a direct
effect on dPatj localization, as Baz overexpression
(sev>Baz or GMR>Baz; GMR-Gal4 drives expression in
all cells of the eye disc posterior to MF) does not
change the dPatj expression pattern (data not shown).
Taken together, our results suggest that Baz-aPKC-
dPatj and Fz1 form a complex before the MF, but during
PCP establishment, Baz localizes in a complementary
Cell
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(A) Baz staining (green and [A#]) in third in-
star larval eye imaginal discs. Fz mutant tis-
sue is marked by absence of lacZ (blue). The
MF and photoreceptor clusters are high-
lighted by Phalloidin (Actin in red). Baz is ex-
pressed apically in all cells anterior (left) and
posterior to MF. Posterior to MF, Baz is first
enriched in both R3/R4 cells and gets later
enriched only in R4. The early R3/R4 enrich-
ment is unaffected in fz− clones (compare
white arrows in [A#]). The later R4-specific
enrichment is dependent on Fz1 (compare
white stars in [A#]).
(B–B$) Higher magnification of progressively
older photoreceptor clusters showing Baz
expression, with respective cartoons (Baz in
green).
(C and D) LOF and GOF PCP eye pheno-
types of baz.
(C–C$) Baz mutant clones (marked by ab-
sence of GFP; green) in third instar eye disc
show PCP defects. The panneuronal marker
Elav is in blue. R4 fate is followed through
the Notch target line md-lacZ (red). In baz−
clones a reduction (white stars in [C#] and
[C$]) of md-lacZ is often observed, and chi-
rality flips are detected with the R4 fate (red)
being in the position of R3 (arrowhead in [C],
[C#], and [C$]).
(C#) shows Elav (blue) and md-lacZ (red)
stainings only, and (C$) shows clonal marker
(GFP; green) and md-lacZ (red).
(D) Adult eye section of overexpressed Baz. Sev-Gal4>UAS-Baz causes typical PCP defects with misrotated and symmetrical clusters (green
arrows). Blue circles represent photoreceptor loss.
(E) Table summarizing the effects on PCP of the different A/B determinants analyzed here. n equals the number of ommatidia analyzed,
except for LOF of baz, where it refers to the number of larval ommatidial clusters scored where R3, R4, or both are baz−.pattern to dPatj/aPKC and antagonizes the negative
regulation of Fz1 by aPKC.
Discussion
Apical localization is critical for PCP protein activity and
particularly for Fz1, but no direct link between A/B po-
larity and PCP establishment has been described.
Here, we show that the apical determinants aPKC and
dPatj negatively regulate Fz-PCP signaling while Ba-
zooka antagonizes this regulation. dPatj binds directly
to the Fz1 cytoplasmic tail possibly recruiting aPKC,
whose phosphorylation of two serine residues within
the Fz1 Cterm inhibits the activity of the receptor in
cells where signaling should not occur (see model in
Figure 7). This reveals a direct link between A/B polarity
determinants and PCP establishment.
A Link between A/B Polarity and PCP
This work provides the first evidence for a direct molec-
ular link between A/B polarity determinants and PCP
by demonstrating that the apical determinants aPKC,
dPatj, and Baz regulate Fz1 activity. This regulation is
independent of Fz1 recruitment to the apical mem-
brane, however, as none of the tested A/B determinants
is actively responsible for it. For instance, deleting the
dPatj binding site in Fz1 or replacing the Fz1 Cterm for
a shortened Fz2 Cterm, which cannot bind dPatj, has
no effect on Fz1 apical localization (data not shown; Wu
e
f
c
(
i
d
P
w
t
(
V
e
t
m
e
P
w
s
m
o
e
T
T
c
a
d
ct al., 2004), excluding dPatj as a recruiting or targeting
actor in Fz1 apical localization. Furthermore, Fmi api-
al localization is unaffected in dPatj and Baz mutants
data not shown). Thus, although an intact A/B polarity
s a prerequisite for PCP signaling, there is no mutual
ependency for localizing the dPatj/aPKC and the Fz-
CP complexes to the apical side of imaginal disc cells,
here they can functionally interact.
Other studies also support the existence of a link be-
ween A/B polarity and PCP. In the mouse, Looptail
Lp), the homolog of the Drosophila PCP gene stbm/
ang, interacts genetically with mScribble, a baso-lat-
ral determinant conserved in flies (see the Introduc-
ion). In particular, transheterozygous Lp/mScribble
ice show PCP defects in the inner ear (Montcouquiol
t al., 2003). In Drosophila, it has also been shown that
CP factors interact with A/B determinants. Recent
ork in the sensory organ precursor (SOP) cells has
hown that the orientation of the two opposing do-
ains of Dlg (anterior) and Baz (posterior) is dependent
n Stbm and Fz activity (Bellaiche et al., 2001; Bellaiche
t al., 2004).
ight Regulation of Frizzled 1 Signaling
he downregulation of aPKC and dPatj in the R3/R4
ells when Fz1 signals to induce PCP is consistent with
model whereby inhibitory phosphorylation of Fz1 me-
iated by aPKC is occurring throughout all eye disc
ells, except in those that are required for PCP estab-
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(A) Schematic diagram of Baz (green) and dPatj (red) expression
patterns in developing photoreceptor clusters. In the early arc
stage (right), at the exit of the furrow, Baz and dPatj are expressed
in all cells. Between rows 1 and 7 (middle), when PCP is estab-
lished in the eye, dPatj expression is excluded from R3/R4 precur-
sors, while Baz is upregulated. After PCP is established (right),
dPatj expression resumes in R3/R4, while Baz expression remains
upregulated only in R4.
(B) Molecular model of physical and genetic interactions. The Fz1
receptor (blue) is inhibited by a phosphorylation event on two ser-
ines in its C terminus by apically localized aPKC (purple). aPKC is
brought to Fz1 by the multi-PDZ protein dPatj (red). Baz (green)
antagonizes the inhibitory effect of the dPatj/aPKC complex on
Fz1.
(C) Signaling model. In all non-R3/R4 cells, high expression of dPatj
and aPKC inhibits Fz1 activity. Fz1 is then not available for PCP
signaling. In contrast, posterior to the furrow, in the R3/R4 pair be-
tween rows 1 and 7, the absence of dPatj and reduced aPKC levels
release the inhibition on Fz1, which accumulates and signals for
PCP establishment. Simultaneously, a higher Baz expression in R3/
R4 further prevents the action of aPKC on Fz1 (see text for details).lishment at the time Fz1 signaling occurs. Fz1 activity is
therefore always kept low outside of the PCP signaling
window, and a release of this inhibition is required for
PCP signaling to take place. It is noteworthy that over-
expression of Fz1 always gives a robust GOF effect
without requiring additional “input,” arguing that either
the receptor is constitutively active or that a ligand isalways present in nonlimiting amounts. In either sce-
nario, it would be important to control Fz1 activity to
prevent signaling at the wrong time and to allow limiting
signaling components, such as Dsh, to be available for
canonical Wnt/Fz-β-cat signaling when PCP signaling
is not needed (Wu et al., 2004). This is particularly true
in the eye disc, where cell fate determination and PCP
occur almost simultaneously within a short time win-
dow. We thus propose that the downregulation of
aPKC/dPatj in the R3/R4 precursors, at the time of PCP
establishment (see schematic in Figure 7A and below),
determines when and in which cells Fz1 is active. A
detailed analysis of the expression of Fz1 and Fmi in
the non- R3/R4 cells revealed that they extend more
basally than aPKC and dPatj (Figure 1B and data not
shown). As the precise localization of the active Fz1 is
unknown, it is possible that either another mechanism
inactivates Fz1 more basally or that inactivation is not
needed there.
Furthermore, our results argue that high Baz levels in
R3/R4 cells promote Fz1 signaling, possibly by antago-
nizing the inhibitory regulation of Fz1 by aPKC (Figures
7B and 7C). Indeed, several lines of evidence suggest
an inhibitory role of Baz on the activity of an aPKC com-
plex. First, in Drosophila embryonic neuroblasts, aPKC
phosphorylates Lgl on the apical side of the cell to in-
hibit its function, restricting the active Lgl to the basal
domain of the cell. This is mediated through direct
binding of a Par-6/aPKC complex to Lgl, which can only
occur after Baz is released from the Par-6/aPKC com-
plex, suggesting a negative role of Baz on aPKC func-
tion (Betschinger et al., 2003). Second, direct measure-
ments of aPKC kinase activity on an exogenous
substrate reveal that addition of purified Par-3, the ver-
tebrate Baz homolog, inhibits aPKC kinase activity,
whereas Par-6 enhances it. Whether the aPKC inhibi-
tion by Par-3 is direct or indirect remains however un-
clear (Lin et al., 2000). This antagonizing role of Ba-
zooka on the aPKC-mediated inhibition of Fz1 activity
in R3/R4 cells is further evidence of the tight regulation
required for PCP establishment in the eye.
In this model, the A/B determinants are acting up-
stream of PCP. Consistent with this, there is no effect
on either aPKC or dPatj expression in cell clones mu-
tant for PCP genes. Similarly, the initial Baz enrichment
in R3/R4 precursors is Fz/PCP independent. The later
enrichment of Baz in R4 is, however, dependent on PCP
signaling. This could correspond to a similar situation
as observed in the SOP, in which the posterior relocal-
ization of Baz is dependent on Fz1 activity (Bellaiche et
al., 2001).
How Does aPKC Regulate Fz-PCP Activity?
The aPKC-mediated phosphorylation of the Fz1 Cterm
inhibits its activity without affecting its apical localiza-
tion or ability to recruit Dsh (see Figure 2). The negative
regulation must therefore occur by a different mecha-
nism. One possibility is that Fz1 phosphorylation by
aPKC inhibits a PCP-specific signal transduction to
Dsh. Consistent with this hypothesis, similar point mu-
tations in the conserved PKC sites of the canonical
Wnt/β-cat-dedicated Fz2 (Fz2-AA and Fz2-EE), do not
affect Fz2 ability to trigger a Wnt/β-cat response when
Cell
630overexpressed in the wing (data not shown). Another
possibility is that aPKC could regulate Fz1 activity by
promoting its destabilization or by increasing its turn-
over through the recycling pathway at the apical mem-
brane. Further investigation will be required to answer
these questions.
Conclusions
The selective downregulation of dPatj and upregulation
of Baz in R3/R4 precursors define when and where Fz1,
and therefore Fz-PCP signaling, is active. This scenario
represents a permissive rather than an instructive
requirement of aPKC, dPatj, and Baz during PCP. Fz-
PCP signaling components are widely expressed but
only required at specific time points and in specific
subsets of cells. As no activating PCP specific ligand is
known, it is possible that alternate mechanisms control
their activity. We provide evidence for a negative regu-
lation of PCP signaling by A/B polarity determinants
(Figure 7), unveiling new mechanisms for regulating
PCP. In addition to their importance during A/B polarity,
we have revealed a function for the apical determinants
dPatj, Baz, and aPKC in regulating PCP and provide
evidence for a molecular link between apical-basal and
planar cell polarity.
Experimental Procedures
Fly Stocks
Mutant eye clones were generated with the eyFLP technique. The
following chromosomes were used:
FRT42D, aPKCk06403 (strong LOF allele),
FRT[9-2], baz815-8 (strong LOF allele),
fzR52, FRT80 (strong LOF allele).
dPatj was analyzed with the smallest available deficiency affecting
it, Df(3L)My10, and adding back all uncovered genes (α-Spectrin,
Codanin/dlt, and cdc37) except dPatj, as ubiquitously expressed
cDNA constructs or genomic rescue (see Pielage et al. [2003]).
Genetic interactions were performed with alleles described
above, as well as baz4 and Ore-R wild-type flies as control.
Immunocytochemistry and Histology
Dissection of imaginal discs and antibody stainings were perfomed
by standard protocols with FITC, TRITC, and Cy5 coupled second-
ary antibodies. Imaginal discs were mounted in Moviol.
Primary antibodies were: rabbit anti-Baz (A. Wodarz; 1:500), rab-
bit anti-PKCζ (C-20 from Santa Cruz Biotech; 1:500), rabbit anti-
dPatj (gift from M. Bhat; 1:500), mouse anti-Fmi (from DSHB; 1:10),
and rat anti-Elav (from DSHB; 1:100).
The Myc-tagged Fz mutants were detected with mouse anti-Myc
(9E10; Santa Cruz Biotech; 1:500). Dsh localization was monitored
with Dsh::GFP (under endogenous Dsh promoter; Axelrod, 2001)
and that of Frizzled with Fz::GFP (under ubiquitous Actin promoter;
Strutt, 2001). GFP was detected with rabbit anti-GFP (A-11122; Mo-
lecular Probes; 1:2000) or mouse anti-GFP (A-11120; Molecular
Probes; 1:500). Eye sections were performed as described (Jenny
et al., 2003).
Two-Hybrid Screen
A systematic two-hybrid screen was performed using the Fz1
Cterm (aa 545–581), the Fz2 Cterm (aa 597–694) or the Stbm Cterm
(aa 294–584) as bait and different A/B determinants as prey. Par-6
was cloned from EST LD29223, aPKC from RE60936, Dlg from
GH01107, dPatj from LD22238, and Sdt from RE05272. The Baz
fragments were cloned by PCR from EST LD15989 or genomic
DNA.
Yeast cells were transfected with bait and prey plasmids (Yeast-
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Baker kit; Clontech; according to manufacturer’s protocol). Trans-
ected cells were plated on selective media lacking Leu and Trp for
days before being streaked on media lacking Leu, Trp, and Ade
n order to test for potential interactions.
oIP Experiments in S2 Cells
2 cells were transfected using Fugene with plasmids coding for
FP alone or GFP fused either to the Fz1 Cterm (aa 545–581) or to
he Fz2 Cterm (aa 597–694). After a culture of 2 days, cells were
ollected and pelleted at 1500 × g in PBS at 4°C. Cells were lysed
NaCl 150mM, Tris [pH 7.5] 50mM, EDTA 1mM, NP40 0.1%; com-
lete protease inhibitor cocktail EDTA free from Roche) and spun
or 10 min at 1500 × g at 4°C. The supernatant was subjected to
wo more rounds of centrifugation and cleared with protein G-cou-
led Sepharose beads for 4 hr at 4°C. Supernatant was incubated
or 1 hr with 3 µg of mouse anti-GFP (A-11120; Molecular Probes),
efore adding protein G-coupled Sepharose beads overnight at
°C. Beads were washed twice with lysis buffer and twice with lysis
uffer without EDTA. The immunoprecipitates were analyzed by
estern blot using rabbit anti-dPatj (M. Bhat; 1:2000), rabbit anti-
az (A. Wodarz; 1:5000), rabbit anti-Par6 (J. Knoblich; 1:1000), rab-
it anti-PKCζ (C-20; Santa Cruz Biotech; 1:2000), rabbit anti-Dlg
gift from Z.H. Chen; 1:5000), and rabbit anti-GFP (A-11122; Molec-
lar Probes; 1:5000).
ST Pull-Downs and Kinase Assay
ST::Fz1 or Fz2 Cterm fusions were generated by PCR and cloned
n pGEX 4T1 vector. GST fusion proteins were produced as de-
cribed (Jenny et al., 2003). S-35-radiolabeled dPatj protein and
everal fragments were generated by in vitro translation using the
NT Coupled Reticulocyte Lysate System (Promega; according to
anufacturer’s protocol). dPatj full-length and truncated forms (aa
–110; aa 110–274; aa 274–478; aa 478–688; aa 688–872) were
loned in an expression plasmid by PCR using EST LD22238 as
emplate. GST pull-downs were done as described (Jenny et al.,
003).
In vitro kinase assays were performed with purified human PKCζ
Calbiochem) and either GST, GST fused to the Fz1 Cterm, or to
he Fz1 Cterm with serines 554 and 560 mutated to alanines elimi-
ating the two putative PKC phosphorylation sites.
Samples of 20 µl containing 2 µg of GST protein, 0.01 µg (0.009
nits) of PKCζ, 0.5 µl of γP-32 ATP (Amersham; 10 mCi/ml) in kinase
uffer (1 mM DTT, 5 mM MgCl2, 10 mM HEPES [pH 7.5]) were incu-
ated for 20 min at 30°C and subjected to SDS-PAGE electrophore-
is. Gels were stained with Coomasie solution to reveal protein
ontent, dried, and subjected to autoradiography.
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